Background. The degree of recovery of regional myocardial contraction during coronary venous retroperfusion has not been well established, particularly in the absence of coronary collateral channels. Therefore, the maximal functional benefit attainable with coronary venous retroperfusion was assessed in pigs by means of using selective pump retroperfusion of the left anterior descending vein, with venting of the left anterior descending artery to zero pressure.
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Circulation Vol 86, No 4 October 1992 used during percutaneous transluminal coronary angioplasty in high-risk patients14 and during coronary bypass surgery.15"16 Retroperfusion by surgical creation of an arterial anastomosis to a coronary vein also has been considered an alternative revascularization method to the coronary artery bypass graft in selected patients who have diffusely diseased or very small arteries with poor distal runoff, in whom there is little likelihood of long-term graft patency.17 '8 The potential extent of functional benefit, as well as the hemodynamic responses and retrograde drainage pattern during selective coronary venous retroperfusion, has not been well established, particularly in animal models with little coronary collateral circulation. Accordingly, we assessed the maximal functional benefit attainable with coronary venous retroperfusion in eight open-chest anesthetized pigs using selective pump retroperfusion of the left anterior descending coronary vein, with venting of the left anterior descending artery to zero pressure. The degree of recovery of regional contractile function, pressure-flow relations, retrograde arterial outflow, and myocardial blood flow distribution were evaluated over a range of retroperfusion flow rates. In three pigs, injection of silicone elastomer into the left anterior descending vein was performed at different retroperfusion pressures to evaluate the vascular microanatomy during retroperfusion.
Methods
The animals in this study were handled according to the animal welfare regulations of the American Heart Association and the University of California San Diego, and the experimental protocol was approved by the animal subjects committee of this institution.
Animal Model and Surgical Preparation
Eight swine (20-30 kg) were sedated with ketamine hydrochloride (30 mg/kg i.m.) and anesthetized with thiamylal sodium (20 mg/kg) administered through an ear vein. A tracheostomy was performed, and an endotracheal tube was positioned and connected to a respirator equipped with an isofluorane vaporizer. Anesthesia was maintained with isofluorane (1.5-2.5%) and 100% oxygen, and ventilation was adjusted to maintain Po2, Pco2, and pH within the following ranges: Pco2, 35+5 mm Hg; Po2, >150 mm Hg, and pH 7.40+0.10. Both carotid arteries were cannulated with large polyethylene catheters -one to supply the extracorporeal circuit, and the other for aortic pressure measurement and blood sampling. Both internal jugular veins were cannulated -one to infuse saline, and the other to return blood from the pump-perfused coronary circulation. Rectal temperature was measured periodically, and animals were kept on a circulating hot water pad to prevent hypothermia (body temperature, >36.8°C).
A left lateral thoracotomy was performed in the fourth intercostal space, and the pericardium was opened and sutured to cradle the heart. Bipolar electrodes were sutured to the left atrial appendage for electrical pacing (Medtronics 5800, Minneapolis, Minn.), and a fluid-filled catheter was inserted into the left atrium through the left atrial appendage for injection of microspheres. A micromanometer (Konigsberg placed in the left ventricle through the apex for measurement of left ventricular pressure.
A pair of ultrasonic crystals was implanted in the anterior wall within the perfusion bed of the left anterior descending artery (and the drainage bed of the left anterior descending vein) to measure wall thickness by standard techniques. '9 To verify the stability of the preparation, a pair of ultrasonic crystals was also implanted in the lateral wall (control zone) within the perfusion bed of the normally perfused left circumflex artery to measure wall thickness. Dimensions were measured by the ultrasonic transit time technique19
(Triton Technologies, San Diego, Calif.).
The proximal left anterior descending artery and the left anterior descending vein at the junction of the great cardiac vein were dissected free from the surrounding tissue. After an infusion of heparin (15,000 IU initial dose, followed by 10,000 IU/hr i.v. bolus), the left anterior descending artery was ligated, rapidly cannulated, and perfused anterogradely with arterial blood by a pump circuit (Figure 1 ). The left anterior descending vein was ligated, cannulated retrogradely, and attached to the circuit so that it could be perfused with the pump or vented to zero pressure ( Figure 1 ). Mean coronary arterial perfusion pressure during control left anterior descending arterial pump perfusion was measured through a distal side arm of the cannula and adjusted to match the aortic pressure. Mean coronary venous perfusion pressure during retroperfusion was also measured through a distal side arm of the cannula. Because the pressure decrease from the side arm to the cannula tip has been shown previously to be minimal (1.2 mm Hg at a flow rate of 100 ml/min in vitro),20 no correction was made.
The extracorporeal circuit was designed to allow rapid switching from anterograde to retrograde left anterior descending bed perfusion by a pump (Masterflex model 7523-00, Cole-Parmer Instruments, Chicago) ( Figure 1 ). Whenever the vein was perfused retrogradely, the anterior descending artery was vented to zero pressure, and vice versa. The extracorporeal circuit included an occlusive roller pump, windkessel, and an ultrasonic in-line flow probe (Transonic Systems, Ithaca, N.Y.). The pump was calibrated by timed collection with graduated cylinder so that pump flow could be determined precisely with the calibrated dial and flowmeter. The blood drained from the coronary circulation was reinfused into the internal jugular vein with the other roller pump.
Measurements
Left ventricular pressure, aortic pressure, coronary perfusion pressure, thicknesses of anterior and lateral walls, and coronary blood flow were recorded on an eight-channel recorder (model 220, Brush, Cleveland, Ohio) and stored in an IBM PC/AT using the CODAS program (DATAQ Instruments, Akron, Ohio). Stored data were replayed later for digitization and analysis. At least 10 sequential beats were averaged for each measurement. End diastole was defined as the zero crossing point of the first derivative of the left ventricular pressure (dP/dt) before its maximum value. End systole was defined as the time of maximum wall thickness occurring within 20 msec before peak negative left P7, Pasadena, Calif.) and a fluid-filled catheter were ventricular dP/dt. 21 Hemodynamic measurements in-FIGURE 1. Schematic representation of selective retroperfusion model in the pig. One set of clamps was applied while the other was released (set 1 was applied for left anterior descending vein retroperfusion and set 2 for the left anterior descending artery perfusion), allowing rapid switching of the direction of flow.
Ao, aorta; PA, pulmonary artery; GCV, great cardiac vein; LCX, left circumflex coronary artery. 
Global Hemodynamic Responses
Hemodynamic data are summarized in Table 1 . As the coronary venous retroperfusion flow rate was increased from 0%, increases in left ventricular systolic pressure, peak positive left ventricular dP/dt, and aortic pressure were observed. The left ventricular end-diastolic pressure remained elevated and peak negative left ventricular dP/dt depressed compared with values during anterograde left anterior descending arterial perfusion.
Coronary Hemodynamic Responses During Retroperfusion
Left anterior descending venous flow and perfusion pressure during retroperfusion are shown in Table 2 . The average pump flow rate to the left anterior descending artery to maintain normal regional contractile function during control anterograde perfusion was 28 ml/min. Retroperfusion pressure increased linearly with increasing retroperfusion flow rates within a physiolog- (Table 2) . Oxygen saturation of blood in the left anterior descending arterial outflow showed a small increase with increasing retroperfusion flows; however, the values remained low, suggesting that the blood was of venous origin ( (Figure 7 ). However, some amorphous silicone material, apparently extravasated from the intravascular space, was found in the preparation with the higher perfusion pressure ( Figure  5 ). In addition, intramyocardial venous anastomotic connections to the thebesian system were suggested from the observation of clumps of silicone elastomer in both ventricular cavities.
Discussion
This study shows the extent of functional benefit, reflected as high flows used in this study will require additional investigations.
Retrograde left anterior descending arterial outflow appeared to sample retrograde capillary flow from the retroperfused bed because the blood oxygen saturation was quite low. However, the absolute flow was very low relative to the extent of functional recovery and to the high total retroperfusion to flow rates. The plateau at high flow rates ( Figure 3A) suggests that there may be a maximum capacity of capillaries to handle retrograde flow, leading to increasing shunt flow through the venous network as total retrograde flow increases.
Regional Blood Flow and Its Distribution During Retroperfusion
Myocardial blood flow, measured with microspheres, has been used as an index of nutrient blood flow delivered to the regional myocardium, and it correlates well with regional myocardial function using anterograde pump perfusion in a porcine model20,37 Many studies using different methods have attempted to evaluate myocardial blood flow distribution during retroperfusion, but the results have been inconsistent. Early studies using radioisotope scans showed increased uptake in the ischemic myocardium with several types of retroperfusion after left anterior descending coronary artery ligation, '8,45,46 whereas studies using direct injection of microspheres into the coronary vein reported significant shunting of the retrogradely introduced microspheres.29,47-49 During anterograde perfusion with left atrial injection, a mixed sample of the microspheres enters the coronary arterioles with trapping in the capillaries, allowing measurement of capillary blood flow (usually called myocardial blood flow). However, during retroperfusion, an approach for measuring capillary blood flow has not been firmly established because a significant portion of microspheres injected into the coronary vein is shunted through the venovenous interconnections or directly into the ventricle through the thebesian system; 75% or .95% of retrogradely injected microspheres can be so shunted, depending on the experimental animal as well as the protocol used.29 '38'47-49 During retroperfusion, we injected microspheres into the left atrium, so mixing occurred before the microspheres traversed the carotid artery and the perfusion circuit, and we measured capillary blood flow at the end of the study without reverting to anterograde perfusion to avoid dislodgment of already trapped microspheres. This approach should allow assessment of regional capillary flow since, with 15-am spheres, the sizable fraction of flow that was shunted to venovenous connections or entered the thebesian veins3338,49 would reach the right heart and then be trapped in the lungs. A small fraction of the microspheres used for timed flow collection were collected in the coronary venous effluent, and only that insignificant portion of microspheres shunted directly into the left ventricle50 might recirculate to affect measured myocardial blood flow. In our porcine model, the presence of silicone substance in the right ventricle substantiated that some shunting occurred through thebesian channels and coronary venovenous interconnections.
The transmural distribution of capillary blood flow showed reduced subendocardial flows with some preferential distribution to the subepicardial myocardium [ Therefore, we hypothesize that retroperfusion might provide improved regional nutrient blood flow and oxygen delivery not only via direct flow at the capillary level (measured by microspheres) but also via other routes within the intramyocardial venous network, including the thin-walled venous plexus, sinusoids, and thebesian system, which could deliver oxygen and exchange nutrients with the adjacent myocardium by diffusion. 34 The in vitro injection studies support the access of retroperfusion to an extensive intramyocardial venous system. This hypothesis is also supported by a report demonstrating oxygen diffusion through arteriolar and precapillary walls in the brain52 as well as by a mathematical model of oxygen exchange,53 but direct proof of this form of transport in the heart awaits further research.
Study Limitations and Clinical Implications
Several limitations and certain clinical implications of the present study deserve mention. The quantitation of nutritional myocardial blood flow during retroperfusion remains controversial. Because a significant portion of retrogradely delivered microspheres are shunted away from intramyocardial microcirculation and because anterogradely delivered microspheres through coronary arterial collateral circulation can be dislodged during retroperfusion, we used an animal model with little coronary arterial collateral circulation and injected microspheres into the left atrium during retroperfusion. However, it is likely that this method is not as accurate for quantitating nutritional blood flow as that which has been used during anterograde perfusion, and application of other techniques such as positron emission tomography54 that can evaluate myocardial metabolism in vivo during retroperfusion will be desirable in the future.
We used nonsynchronous retroperfusion for short periods of time to evaluate the maximal functional benefit that might be obtained by selective retroperfusion. Most techniques for clinical use have used synchronized retroperfusion, so that elevation of coronary venous pressure and retrograde flow occur in diastole when systolic compression by the ventricle (which would further elevate the venous pressure) is absent, thereby tending to reduce potential vascular damage and edema. We recognize that the type of retroperfusion used in our study produced nonphysiological increases in venous pressure; this could cause myocardial hemorrhage and edema, which, when sustained, might cause functional deterioration compared with the effects of synchronized retroperfusion with intermittent decompression of coronary venous pressure. Venting of the left anterior descending artery to 0 mm Hg during retroperfusion might be expected to lessen myocardial edema, but progressively increased diastolic wall thickness and extravasation of silicone substance at higher retroperfusion pressures indicated that insufficient decompression of the coronary venous system occurred with venting of the artery alone. In addition, the coronary vascular anatomy is different in the pig from that of humans with respect to coronary collateral circulation, the microcirculation, venous interconnections, and the thebesian system.33,38 Therefore, our approach is not considered to represent a clinically useful technique, and with high flows, it probably would be dangerous. Rather, this approach describes the maximum improvement in ischemic dysfunction that can be obtained experimentally, and it raises the question of whether an additional source for oxygen delivery may be available. Our findings also suggest that delivery of arterial blood as a retroperfusate may be necessary to restore depressed regional myocardial function, especially in an animal model such as the pig with minimal collateral circulation, because pressure-controlled intermittent coronary sinus occlusion using venous blood was effective in reducing infarct size but not in restoring left ventricular function in the pig. 28 Our results at flows < 100% might have some bearing on the clinical situation in which a coronary graft to the venous bed occasionally is used in patients in whom there is little likelihood of success with arterial graft patency because substantial pressures and flow would be available to the venous bed in this setting.
